the ajernal blood remains negligible, sa perfusion fluid passing the placeno meof is exposed to a maternal CO sure (Pm c0 ) of zero and loses If some fetal vessels are not exaternal blood (shunt vessel in fig. extran solution will flow through them without changing its CO content (after an equilibrium of partial pressures is established between the perfusate and the surrounding tissue). The ratio of CO concentrations in the effluent and entering perfusion fluid (C ef fi co /Cent co ) gives the ratio of the shunted flow to the total umbilical flow t -C 0/ /i co /C eB t 00 (1) Knowledge of the proportion of the umbilical blood flow which traverses the shunt makes it possible to calculate the rate of placental blood flow (as differentiated from total umbilical blood flow) and the concentrations of substances at the end of the fetal capillaries passing the placental membrane.
According to the anatomical studies of Barcroft and Barron,* the maternal and fetal placental capillaries in the sheep are arranged in such a pattern that maternal blood runs in a direction opposite to fetal blood. This arrangement has been called a countercurrent system. The countercurrent system is the most 
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FIGURE 1
Schema of the placenta! circulation. efficient one known for the transfer of heat and diffusible materials. It would provide for the transfer of oxygen and other diffusing substances at minimum rates of placental blood flow and cardiac work by both mother and fetus. There is no physiological evidence for the existence of a functionally effective countercurrent blood flow system in the placenta of the sheep. Two functional tests for a countercurrent system have been performed and the results are presented in this paper. If complete equilibrium of gas partial pressures between maternal blood and perfusate is achieved across the placental membrane, the concentration of gas in the perfusate leaving the fetal capillaries will depend upon whether a countercurrent system of blood flow exists. In the presence of a countercurrent, the perfusion fluid will leave the fetal placental capillaries (fetal "exchange vessel" in fig. 1) having achieved the gas partial pressure of maternal arterial blood. If this is zero, no gas will be left in the perfusate when it leaves the fetal exchange vessel. On the other hand, the perfusate's gas partial pressure will fall only to that of the maternal venous blood if maternal blood and perfusate run in the same direction (concurrent system).
If the direction of flow of perfusate through the fetal vessels is reversed, a concurrent system will be changed into a countercurrent system and an increased rate of gas exchange will occur. The opposite effect will be achieved by reversal of flow direction in a system which previously had countercurrent flow. If the placenta is composed of equal numbers of countercurrent and concurrent units, reversal of the flow will not affect the rate of gas exchange.
Thus, a study of the gas concentrations in the perfusion fluid after passage of the placental membrane and before admixture of shunted perfusion fluid at normal and reversed directions of perfusion will provide physiological evidence bearing upon the existence of a countercurrent system of maternal and fetal blood flow.
The proposed test requires that equilibrium of partial pressures across the placental membrane be reached at the end of the fetal capillary or before. The rate at which equilibrium is achieved across the placental membrane is proportional to the rate of diffusion per unit of partial pressure difference (diffusion capacity of the placental membrane) and inversely proportional to the change of gas concentration in the circulating fluid per unit of partial pressure change ("effective solubility," Opitz and Thews 6 ). The ratio of diffusion capacity to effective solubility in the placenta supplied with blood is about 200 times greater for "inert" gases (which are not chemically bound) than for oxygen. It therefore seems certain that equilibrium will be established for an inert gas at the end of the fetal capillary. We have used nitrous oxide to test for the presence of a countercurrent system in the placenta.
The N 2 O concentration (C MC A N . 0 ) in the perfusion fluid after passing the placental membrane and before admixture of shunted perfusion fluid must be calculated from our knowledge of the N 2 O concentration in the mixed effluent perfusion fluid (C 9/ /i N 0 ) and from the calculated percentage of perfusate shunted through vessels that do not engage in gas exchange. Once an equilibrium has been established between the perfusate in the shunt vessels and the surrounding tissues, the NoO concentration in the entering perfusion fluid (C m t s 0 ) is maintained during passage through the shunt. Thus, Car C j Xo0 can be calculated:
2)
When the NoO concentrations in the effluent perfusate (before and after admixture of shunt) are expressed as fractions of the concentration in the entering perfusion fluid C m f x 0 ) the results of experiments with different Cent Sn0 values can be compared:
Methods
Crossbred ewes at various stages of pregnancy were studied. After premedication with atropine, 0.01 mg/kg sc, each was anaesthetized with pentobarbital sodium (Nembutal), 25 mgAg rv, and tracheotomized. The tracheal tube was connected to a Tissot spirometer containing pure O 2 . The abdomen was opened and the animal was immersed from the chest down in a bath of Krebs solution 7 at 39.5°C. After making a small incision in the uterus and in the amnion and chorion, a fetal jugular or femoral vein was exposed by manipulation of the fetus without removal from the uterus. Ten cc of heparin sodium (1,000 units/cc) and 1 cc of papaverine (37 mg/cc) were injected. To allow distribution of the drugs throughout the fetal circulation, nothing further was done for five minutes. Then the umbilical cord was brought through the incision in the uterine wall and the umbilical vessels were isolated. The umbilical arteries were cannulated using polyvinyl tubing with an internal diameter of 3 mm. Perfusion at very low pressures (less than 50 mm Hg) was begun at once. Then the umbilical veins were cannulated as quickly as possible. Complete cessation of the placental circulation did not occur at any time.
The perfusion fluid was Krebs solution with 10$ dextran (average molecular weight 60,000 to 90,000) containing oxygen, carbon monoxide, carbon dioxide and nitrous oxide in solution. A finger pump forced the perfusion fluid through a copper coil which wanned it to body temperature and then through the umbilical vessels.
A sidearm attached to the inflow tubing and another to the outflow tubing from die umbilical vessels were used for drawing samples and for measuring the hydrostatic pressures. The perfusion rate was determined by measuring the outflow over a measured time period. The concentrations of NoO and CO in the dextran solution were determined with a gas chromatograph (Beckman GC-2). Samples of entering and effluent solution were injected into an extracting chamber whose bottom was made of fritted glass through which the carrier gas (helium) flowed. CO was separated by a four-foot molecular sieve column at 130°C. N 2 O was separated by a twofoot charcoal column at 70 °C after absorption of COj with a sodium hydrate asbestos absorbent. Table 1 shows the CO concentration in the effluent perfusion fluid expressed as a per cent of the CO concentration in the entering perfusion fluid. The values were obtained after various perfusion times. The perfusion rates were between 30 ml/min and 200 ml/min. The perfusion pressure never exceeded 90 mm Hg. The data show no uniform trend with perfusion time. The overall average is 19% with a standard deviation of 3% and a deviation of the mean of 1%. No correlation with the age of pregnancy, weight of the fetus or perfusion pressure was found.
Results
CARBON MONOXIDE CONCENTRATIONS: THE SHUNTED UMBILICAL FLOW
As previously discussed, these data express the percentage of the perfusion fluid and presumably of the umbilical blood which does not exchange gases with the maternal blood (shunted umbilical flow). Table 2 shows the N 2 O concentration in the mixed effluent perfusate (C,//; Xo0 ) expressed as per cent of the original N 2 O concentration (C C T^0 ) in the perfusion fluid. The overall average is 34 ±4% after 5 min, and 30 ± 5% after 10 min of perfusion at a constant flow rate. The values tend to be higher at higher flow rates but this correlation is not statistically significant. Table 2 shows also the relative N^O concentration in the perfusate after passing the placental membrane and before admixture of shunted perfusion fluid (C<*» e * No0 )-These values are calculated from the relative N 2 0 concentration (table 2) and the CO concentration (table 1) in the mixed effluent perfusion fluid according to equation 3. The overall average is 18? ± 3% after 5 min and 15$ ± 5% after 10 min of perfusion at a constant perfusion rate. None of the values is zero (the value expected on the basis of the countercurrent hypothesis). Although the average increases with increasing flow rates, this cannot be shown to be significant statistically.
NITROUS OXIDE CONCENTRATION IN THE PERFUSION FLUID AFTER PASSAGE THROUGH THE UMBILICAL VESSELS IN THE NORMAL DIRECTION
EFFECT OF REVERSAL OF FLOW THROUGH THE UMBILICAL VESSELS
The NMO concentration in the mixed effluent is increased by reversal of the flow direction (table 3) . However, the relative CO concentration is increased by the same procedure, showing that flow reversal increases the magnitude of the shunted umbilical flow. This increase was the main cause of the rise of N 2 O concentration in the mixed effluent perfusate. The N2O concentration before admixture of shunt rose only from 18 to 22$.
An average flow rate of 130 ml/min could be maintained in the normal direction at an average perfusion pressure of 73 mm Hg. A perfusion rate of only 57 ml/min could be achieved in the reversed direction at the same pressure. Returning the flow direction to normal did not lower the vascular resistance.
Re-establishing a normal flow direction after reverse perfusion reduced the relative NoO concentration in the efHuent perfusate from 46 to 40$. The calculated N^O concentration after passing the placental membrane and before admixture of shunted perfusion fluid fell from 22 to 17$. Thus the sheep placenta displays a slightly higher efficiency for gas transfer when perfused in the normal flow direction than when perfusion is reversed.
Discussion
SHUNTED UMBILICAL FLOW
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ing the rate of shunted umbilical flow depends upon the establishment of gas equilibrium between perfusion fluid in the shunt vessels and the tissue surrounding these vessels. A test for the achievement of such an equilibrium is the constancy of CO concentration in the effluent perfusate at several different time intervals from the beginning of perfusion at a constant rate. In our data the concentrations obtained after various times do vary slightly but they do not vary systematically. This leads us to conclude that equilibrium was indeed established before any samples were drawn.
The shunted umbilical flow in an artificially perfused placenta is not necessarily the same as that in the intact uterus. It is possible that part of the shunted umbilical flow measured in an artificially perfused placenta is caused by the experiment itself. If, for instance, perfusion is performed at pressures higher than 90 mm Hg or for periods longer than about one hour, separation of maternal and fetal placental tissue becomes apparent and the value calculated for shunted umbilical flow rises. Data obtained under either of these conditions have been discarded in our calculations. The remaining values show a narrow variation and are independent of time and perfusion pressure. It seems unlikely, therefore, that an important part of the calculated shunted umbilical flow is an experimental artifact. However, the fact remains that at perfusion pressures in the range of normal for umbilical arterial values only 30 to 50$ of the normal umbilical flow could be achieved. This suggests that the perfused fetal vessels were in a different state of tone than in the intact uterus.
TESTS FOR COUNTERCURRENT BLOOD FLOW
Our data (tables 2 and 3) show that the perfusate circulating through the fetal placental vessels does not reach the maternal arterial N 2 O concentration (which is zero). It can, therefore, be concluded that the capillaries along the placental membrane are not arranged in a functionally effective countercurrent pattern. The data in table 2 even suggest a concurrent system. Calculations of the maternal placental flow on the basis of a concurrent system yield reasonable values. However, the increase of the N 2 O concentration in the effluent perfusate when the flow direction is reversed, although slight and not statistically significant, suggests that the sheep placenta does not contain a concurrent system either. A concurrent system would display an increased efficiency (i.e., a decrease of the effluent N 3 O concentration) with reversal of flow direction. Our results could be explained if the sheep placenta has a mixed pattern of maternal and fetal blood flow. Some of the maternal and fetal capillaries form countercurrent units, others form concurrent or crosscurrent systems. The decrease of efficiency after reversal of flow direction would then indicate that the countercurrent capillary units predominate slightly. It seems probable that the maternal-fetal capillary units are arranged so that the directions of blood flow are more or less at random with respect to one another. Such a distribution would lead to a rate of transfer which was independent of the flow direction in the fetal vessels and would never permit fetal blood to achieve the gas partial pressures in maternal arterial blood.
A second possible explanation of our findings is offered by the thickness of the membrane separating maternal and fetal blood in the sheep placenta. In deriving the theoretical relationships of exchange in a countercurrent system (a consequence of which is equilibrium between perfusion fluid and maternal blood at the end of the fetal capillary under certain conditions of flow), the placental membrane is assumed to be so thin that no diffusion of any importance occurs within the placental membrane in a direction parallel to the capillaries. The placental membrane in the sheep, however, is more than 20 micra thick at 100 days. 8 The average distance between maternal and fetal capillaries is even greater. Hence, considerable diffusion may occur along the length of the membrane. This would lower the partial pressure gradient along the capillaries and the fetal blood would
